ssDNA-47: DNA version of ssRNA-47, with Us changed to Ts Cloning and vectors DNA oligonucleotides were from IDT Inc., and were desalted prior to use. A plasmid was constructed by inserting a PCR product encoding ssRNA-110 into pUC19 vector. The PCR product was generated by overlap extension, which introduces an EcoRI cloning site upstream of a T7 promoter, a BsaI runoff site, and a BamHI downstream cloning site. Also, this PCR product has an additional BstUI enzyme recognition site that allowed run-off transcriptions of 47 nt. The following primers were used in overlap extension: Primer1: 5'-CCGGGAATTCTAATACGACTCACTATAGGCACCAACTCAAGT ATACCTTTTATACAACCGTTCTACACTCAACGCGATGTAAATATCGCAA Primer2: 5'-GGCCGGATCCGGTCTCCAGAAGGTTTCAATGGTTCAGAGGCA GAATGGTTGTATAAAAAGGGATTGCGATATTTACATCGCGT where the underlined sequences represent the overlap region.
Preparation, purification, and CIP treatment of RNA Chemically synthesized RNA oligonucleotides were purchased from Dharmacon. Transcribed RNAs were synthesized by T7 polymerase (Ambion) or by the following protocol: 1 µg of linearized template DNA or hemi-duplex DNA with T7 promoter sequence (10) was incubated with 0.5 µg of T7 RNA polymerase in a buffer containing 40 mM Tris (pH 8), 20 mM Mg(OAc) 2 , 40 mM DTT, 2 mM spermidine, and 7 mM of each NTP for 3 h at 37 o C, followed by the removal of inorganic pyrophosphate by spinning the sample, and was quenched by the addition of 95%(v/v) formamide loading buffer. RNA was purified by denaturing polyacrylamide gel electrophoresis (PAGE). The transcript was identified by UV shadowing, excised from the gel, and eluted overnight. The RNA was concentrated by precipitation in ethanol, dissolved in TE buffer, and stored at -20 o C. The concentration of RNA was determined spectrophotometrically.
To make the dsRNA-79 RNA, equimolar concentrations of purified ssRNA-79TS and ssRNA-79BS were annealed in TEN 100 [10 mM Tris (pH 7.5), 1 mM EDTA, and 100 mM NaCl] at a temperature of 95 o C for 3 min. To make dsRNA-79 RNA that is devoid of 5'-triphosphate, each strand was treated separately with calf intestinal phosphatase (CIP) as described below and then annealed. Calf intestinal phosphatase removes the 5'-triphosphate and leaves a 5'-hydroxyl (7, 11) . dsRNA-20 was prepared chemically (Dharmacon) and annealed as described for dsRNA-79. All siRNAs used were prepared by T7 transcription from hemi-duplexes. The siRNAs were made by annealing equal concentrations of TS and BS.
Calf intestinal alkaline phosphatase (CIP) treatment of RNA was performed as follows. A final concentration of RNA of 2 µM in 100 µL in 50 mM Tris (pH7.9), 100mM NaCl, 10mM MgCl 2 , 1 mM DTT, was treated with 10 U of CIP (NEB) for 1 h at 37 o C. The reaction was quenched by the addition of 8 µL of 0.5 M EDTA and heat inactivated at 75 o C for 10 min. After CIP treatment, the solution was phenol-chloroform extracted and the RNA was precipitated in ethanol and PAGE purified. [γ-
32 P]GTPlabeled RNA was prepared by T7 transcription (Ambion kit) in the presence of [γ-32 P]GTP (10 mCi/ml; Perkin-Elmer), and the transcript was PAGE purified.
To make the 7-methyl-G capped ssRNA-47 and -110, the following modifications were made to the transcription reactions. RNA was prepared with a 12:1 ratio of 7mGpppG:GTP by having 6.9 mM of 7-methyl-G cap reagent (Ambion), 0.58 mM GTP, 7.5 mM ATP, 7.5 mM CTP, 7.5 mM UTP in the transcription reaction. For making 8:1 and 4:1, the concentrations of cap reagent to GTP were adjusted in the transcription reaction accordingly. ssRNA-47 and -110 with a 5'-diphosphate were prepared in a similar manner, substituting GDP for 7mGpppG. ssRNA-110 with a 5'-monophosphate was prepared in a similar 12:1 manner, substituting GMP for 7mGpppG, while ssRNA-47 with a 5'-monophosphate was prepared by chemical synthesis (Dharmacon). All 5'-end modified RNAs were purified by PAGE.
PKR activation assays Various RNAs were tested for their ability to activate or inhibit PKR autophosphorylation and eIF2α phosphorylation. PKR was first dephosphorylated by treatment with λ−PPase (NEB) for 1 h at 30 o C, followed by the addition of the freshly made phosphatase inhibitor, sodium orthovanadate (3). Next, 10 µCi [γ-
32 P]ATP (Perkin-Elmer), 0.6 µM dephosphorylated PKR and RNA were incubated in 20 mM Hepes (pH 7.5), 4 mM MgCl 2 , 100 mM KCl, and 100 µM ATP (Ambion) for 10 min at 30 o C. The time of 10 min was chosen because this is in the approach to the plateau region of phosphorylation versus time plots for dsRNA-79, ssRNA-47 and ssRNA (9, 11) , with all RNAs showing a lag as previously reported in the absence (12) and presence of doublestranded RNAs (13) (fig. S13 ). In certain cases, 3 µM (10-fold excess) of purified eIF2α was incubated for an additional 10 min. Reactions were quenched by adding SDS loading buffer. Samples were heated at 95 o C for 5 min and loaded on 10% SDS-PAGE gel (Pierce). Heparin, a known oligosaccharide activator, was used in certain experiments. Heparin was from Sigma and used without any further purification at a concentration of 1 µg/mL. After electrophoresis, the gels were exposed to a storage PhosphorImager screen and the intensities of the labeled bands were quantified on a PhosphorImager (Molecular Dynamics). In all experiments, 0.1 µM concentration of dsRNA-79 was included and the data were normalized to the counts of this dsRNA. A background value was averaged from different portions of the gel and subtracted from each band prior to normalization.
Calculation of RNA-dependence for activation (RNA dependency factor) The dependence of a given PKR phosphorylation reaction on RNA was calculated as the intensity of a given band in the presence of added RNA divided by the intensity of the same band in the absence of added RNA. (As noted above, all phosphorylation values reported in the figures were already corrected for background.) PKR has the ability to weakly dimerize in the absence of RNA, which is the probable origin of the band in the absence of added RNA (12) . As a sample calculation, the RNA-dependency factor for dsRNA-79 is calculated as 100/2.9 = 34.5 (Fig. 1C) .
Calculation of 5'-triphosphate dependence for activation The dependence of a given PKR phosphorylation reaction on the 5'-triphosphate was calculated as the intensity of a given band in the presence of a 5'-triphosphate-bearing RNA divided by the intensity of the same band in the presence of a non-5'-triphosphate-bearing RNA. The comparison is for the same RNA sequence at the same concentration, and is calculated after subtracting the amount of phosphorylation in the absence of added RNA from each value. Several sample calculations follow. The 5'-triphosphate dependence for activation by 1 µM ss-dsRNA (as compared to 5'-OH RNA) is calculated as (100-2.1)/(2.9-2.1)=122 ( fig. S2 ). This is reported in the text as greater than 100 since only 1 significant figure is left in the denominator after subtraction of 2.9 and 2.1. The 5'-triphosphate dependence for activation by 1.25 µM ssRNA-47 (as compared to 5'-OH RNA) is calculated as (63-1.7)/(2-1)=61 (Fig. 2) . Again, this is reported in the text as only 1 significant figure.
In certain cases, the measured 5'-triphosphate dependence represents a lower limit because of potentially incomplete dephosphorylation by CIP, which could be caused by the involvement of the 5'-most nucleotides in secondary structure, or incomplete priming of transcription by a modified guanine nucleoside or nucleotide.
UV melting and mfold prediction The thermodynamic stability of certain transcripts was determined by performing melting experiments in a melting buffer that mimics the PKR activation conditions (see fig. S4A , B). Melts were performed on a Gilford Response II spectrophotometer with a data point acquired every 0.5 °C and a heating rate of 0.6 °C/min at 260 nm from 5 to 95 o C. RNA was renatured in TE buffer at 95 o C for 1 min and then cooled on the bench for at least 10 min, followed by bringing the sample up in 1 x melting buffer. In some experiments, the buffer was changed to 10 mM phosphate (pH 7.0), 100 mM KCl, 4 mM Mg 2+ , and 0.1 mM EDTA. Cuvettes with pathlength of 1 mm were used, and the concentration of RNAs were in the 1-10 µM range. Melts were normalized by dividing absorbances collected as a function of temperature by the high-temperature absorbance.
Enzymatic structure mapping of RNA 5'-end labeled RNA was renatured by heating for 2 min at 85 ºC followed by slow cooling to room temperature for at least 10 min. RNAs were digested with the appropriate nuclease under either native (15 min at 37 ºC in PKR activation buffer-see 'PKR activation assays') or denaturing conditions (4 min at 90 ºC in 100 mM Na 2 CO 3 /NaHCO 3 , 2 mM EDTA for hydrolysis ladder, 30 min. at 50 ºC in 6 M urea, 17.8 mM Na-citrate at pH 3.5, 0.9 mM EDTA for T1 ladder). Nuclease concentrations were chosen to give limited RNA hydrolysis: 0.1 U/µL RNase T1, 0.1 ng/mL RNase A, 1.6 x 10 -5 U/µL or 1.6 x 10 -6 U/µL RNase V1. Samples were fractionated on 12% denaturing 8.3 M urea polyacrylamide gels.
Fluorescence polarization analysis of binding Synthetic ssRNA-47 was purchased from Dharmacon and 5'-labeled with fluorescein as follows. This method was adapted from reference (14) . RNA was 5'-end activated with γ-S-ATP (Sigma) using T4 Kinase (NEB). After heat inactivation of the enzyme for 20 min at 65 o C, unincorporated γ-S-ATP was removed by gel filtration through G-25. The 5'-thiophosphorylated RNA was incubated with 5-iodoactamidofluorescein (Anaspec) in 100 mM Tris (pH 7.5) for 1 h at 37 o C. The 5'-fluorescein-labeled RNA was purified by 10% denaturing PAGE in reduced light. The percentage of labeled RNA was determined by UV-VIS measurement with a characteristic absorbance of fluorescein at 492 nm, as per manufacter (Anaspec).
To determine the dissociation constant, ~0.07 nM of 5'-fluorescein-ssRNA-47 was incubated with varying concentrations of the catalytically inactive PKR mutant K296R in binding buffer [25 mM Hepes (pH 7.5), 8 mM Tris, 70 mM KCl, 10mM NaCl, 1.4 mM Mg(OAc) 2 , 5 mM DTT, 0.1 mM EDTA, 8.5% glycerol) at room temperature for 1 min, and the binding was monitored in terms of change in mp (millipolarization) on a Beacon 2000 fluorescence polarization system. We chose a catalytically inactive mutant of PKR so that it would not be phosphorylated either before or during the binding assay, as phosphorylation interferes with RNA binding (13, 15) . Equivalent mp readings were obtained at 1 and 10 min, indicating the system was at equilibrium. For a blank measurement, a mixture containing all reagents except labeled RNA was used. All steps were performed in reduced light. The binding data were fitted to equation 1,
where mp is the millipolarization, ε max and ε min are the observed maximum and minimum millipolarization values, K d is the dissociation constant, n is the Hill coefficient, and [P] is the concentration of K296R.
In the competition experiments, varying concentrations of competitor RNAs were mixed with 0.07 nM of labeled ssRNA-47 prior to the addition of 160 nM K296R. The data were fitted to equation 2 (16),
(Eq. 2) where P t , T t , and C t are the total concentrations of protein, fluorescein labeled ssRNA-47, and unlabeled competitor RNA or DNA , respectively; K t , and K c are the dissociation constants for ssRNA-47 and unlabeled competitor RNA or DNA complexes, respectively. Cells Huh-7 and Huh-7.5 cells are human hepatoma cells. Huh-7, Huh-7.5 (provided by Dr. Charles Rice of Rockefeller University) and Vero (provided by Dr. Michael Teng of Pennsylvania State University) cells were maintained in Dulbeccos' modified Eagle's medium (DMEM, Invitrogen) containing 10% fetal bovine serum (FBS, Invitrogen), 100 units/ml penicillin/streptomycin (P/S, Invitrogen), and 0.1 mM non-essential amino acids (NEAA, Invitrogen) (17) .
Transfection
The transfection procedure was the same as previously reported (17) . Briefly, cells were seeded at 6 X 10 6 cells in 100-mm dish one day before transfection and incubated at 37 °C for 24 h. 1000 units/ml of interferon α (IFNα, Calbiochem) was added when required. 2 µg RNA in EC buffer with 4 µL Enhancer R was transfected into 1.6 X 10 6 cells by TransMessenger kit (Qiagen). After 5 min incubation at room temperature, 8 µL TransMessenger was added to RNA and incubated for 10 min at room temperature (RNA complex). Cells were washed twice in media that did not contain any FBS, antibiotics or NEAA and resuspended in 900 µL media. After 10 min incubation, cells were added to RNA complex, which was rotated at 37 °C for 1 h. Cells were pelleted at 4000 rpm for 4 min and resuspended in media containing 10% FBS and 1% NEAA. Transfection was performed using liposomes, which can exhibit a slow, steady release of RNA (16) . PKRp accumulation was maximal at ∼10 h post-transfection and persisted at least 20 h (fig. S14). We therefore chose to incubate the cells for 8 h at 37 °C. Control (mock) experiments were performed using cells that were taken through the transfection protocol in the absence of RNA. Extracts were prepared from cells.
Western blotting The Western blotting procedure was similar to that previously reported (17) . Briefly, transfected cells were lysed in SDS-PAGE sample buffer and boiled for 5 min. Samples were separated in 10% SDS-PAGE gel and proteins were transferred to nitrocellulose membrane (Amersham). The membrane was sequentially probed with eIF2α Ser-51 phosphorylation (Epitomics), PKR Thr-446 phosphorylation (Epitomics), and β-actin (Abcam) antibodies as indicated in figures. Secondary antibody was conjugated with horseradish peroxidase (Santa Cruz, for chemiluminescence) and was detected by using enhanced chemiluminescence (ECL, Amersham). In certain instances, enhanced chemifluorescence (ECF, Amersham) was used to provide semiquantitative analysis (data not shown). To reprobe with other antibodies, membranes were incubated in stripping buffer (100 mM 2-mercaptoethanol, 2% SDS, 62.5 mM Tris-HCL, pH 6.7) at 50 °C for 30 min and washed. Background levels of eIF2α-p varied slightly between experiments.
B.) Supporting Text Activation of PKR by 5'-diphosphate and 7mG-cap RNAs
After finding that ssRNA-47 with a 5'-triphosphate activates PKR, while ssRNA-47 with a 5'-OH or 5'-p does not ( Fig. 2A, B) , we tested RNAs with a 5'-pp or 7mG-cap. To prepare these RNAs, transcriptions were primed with modified guanosines, which led to a small amount of 5'-triphosphate RNA being present in the product (10) . Transcriptions primed with GDP showed a significantly (~5-fold) reduced ability to activate PKR (Fig.  2B) , with residual activation likely due to a small population of 5'-triphosphate transcripts. Transcriptions primed with 7mGpppG also displayed poor activation of PKR, with activation diminishing as the ratio of 7mGpppG to GTP in the transcription increases (Fig. 2C,D) . These data suggest that neither a 5'-diphosphate nor a 7mG-cap on ssRNA can significantly activate PKR.
Effect of RNA length and secondary structure on PKR autophosphorylation
We prepared 20, 30, and 40 nt truncated versions of the 47 nt ssRNA transcript, having the same 5'-end. Of these, only ssRNA-47 potently activated PKR ( fig. S8A ). This indicates that the minimal length of ssRNA needed to activate PKR is ~47 nt.
Although a 5'-triphosphate is important for ssRNA-mediated activation of PKR, it is possible that other RNA features, such as secondary structure, are important for activation as well. We approached this problem in two ways. First, we prepared a series of RNAs with defined secondary structures. These have 5'-ends that are very similar in sequence to the activators ssRNA-47 and ssRNA-110. Initially, a 76 nt RNA (ssRNA-76) that does not engage in base pairing was engineered ( fig. S9B ). To prevent secondary structure, we designed ssRNA-76 with primarily A, C, and U residues; the only Gs present were at positions 1 and 2 to help drive T7 transcription, and consecutive C residues were disallowed in order to prevent any GC base pairing (with the exception of residues 5 and 6, which are too close to basepair with the G1 and G2) ( fig. S9B) . We chose to incorporate a mixture of A, C, and U residues rather than use a homopolymer because a mixture is more representative of cellular RNAs.
Absence of base pairing in ssRNA-76 was confirmed by structure prediction and experimentation. Structure prediction gave a minimum free energy of +3.4 kcal/mol, which indicates that the fully unstructured RNA populates to greater than 99%. Ribonuclease structure mapping experiments were also conducted on ssRNA-76, which revealed extensive single-stranded structure (fig. S9A ). These data are consistent with the structural model shown in fig. S9B .
Next, we conducted PKR activation assays with ssRNA-76. These experiments revealed that ssRNA-76 is a modest activator of PKR with a weak 5'-triphosphate dependence ( fig. S10 ). These results suggest that certain secondary structures might be important for potent, 5'-triphosphate dependent activation of PKR.
We therefore engineered defined secondary structures into ssRNA-76, keeping the number of single-stranded residues constant. In this series of RNAs, a stem-loop with sequence, 5'-UGGACGAAAGUCCA (stem is bold) was inserted to give the following seven RNAs (where 'Ix', means stem-loop inserted at position x): I5, I13, I21, I31, I38, I46, and I57. This stem has 5 base pairs and the loop has a stable GAAA tetraloop with a CG closing base pair (18) . The hairpin was predicted to be very stable, with a free energy of approximately -10 kcal/mol. We subjected a representative stem-loop RNA (I38) to structure mapping experiments, which revealed base pairing at the positions of interest (Fig. S9) .
Next, we conducted PKR activation assays with the stem-loop insert RNAs. We found that if the stem-loop was located near the 5'-or 3'-end of ssRNA-76, activation was modest with a weak 5'-triphosphate dependence. However, if the stem-loop was located near the center of the RNA (21-46 nt from the 5'-end), potent and 5'-triphosphate dependent activation of PKR was found ( fig. S10 ).
Experimental determination of RNA secondary structures
In order to verify the structures of RNAs as predicted by mfold, we structure mapped three representative RNAs, ssRNA-76, ssRNA-76-I38, and ssRNA-47 using single-and double-strand-specific nucleases ( fig. S5, S9 ). For ssRNA-76, cleavages by V1 occured near consecutive A's, consistent with stacking of purines and the known ability of RNase V1 to cleave such regions (19, 20) . Additionally, many of the C's in ssRNA-76 were cleaved by RNase A, suggesting that the RNA is largely unstructured. In the case of ssRNA-76-I38, which is predicted to have a stem-loop starting at U39, two doublestranded regions are present in the RNase V1 lane consistent with the 5'-and 3'-strands of this stem-loop. Cleavage by RNase A is not observed in this region.
The cleavage pattern of ssRNA-47 by RNase V1 is consistent with the predicted secondary structure in that the nucleotides cleaved by RNase V1 occur in the region of the two stem-loops. In particular, cleavage is observed in two sets of base pairs in the 5'-stem-loop, and on the 5'-and 3'-sides of the 3'-stem-loop. There are a few instances in both stem-loops wherein cleavage is observed by both RNase V1, a double-strandspecific nuclease, and RNases A and T1, single-strand specific nucleases, particularly at the very 3'-end of the RNA. The predicted and measured stabilities for both stem-loops provide melting near 37 o C ( fig. S4B ), which implies that folded and unfolded forms populate during structure mapping.
The cleavage observed across all nuclease-treated and control lanes at certain sites (e.g. C28, C31, etc.) in both ssRNA-76 and ssRNA-76-I38 is likely due to spontaneous cleavage by 2'-OH attack, which has been observed to occur preferentially in purinepyrimidine dinucleotide stretches of single-stranded RNA (21, 22) . Because these bands are not observed in ssRNA-47, which was treated at the same time and in the same manner as the ssRNA-76 and ssRNA-76-I38, these cleavage sites are inconsistent with nuclease contamination.
Effect of siRNAs on PKR autophosphorylation
Recent reports indicate that transcripts of small interfering RNA (siRNA) of 19-21 base pairs, or ssRNAs of similar lengths, induce an interferon response in a 5'-triphosphate dependent fashion (7) . On the basis of the results presented thus far, one possibility is that these RNAs operate by activating PKR. We therefore performed PKR activation assays on siRNA duplexes with 5'-triphosphates, as well as their component ssRNA transcripts, including some of those shown to induce interferon in the earlier study ( fig. S7 ) (7). However, neither the siRNA duplexes nor their component ssRNA transcripts showed any evidence of PKR activation. These findings are in line with the length dependence of activation of PKR by ssRNA ( fig. S8 ) and dsRNA (2) . The interferon response initiated by 5'-triphosphate siRNA appears to originate from a factor other than PKR, possibly RIG-I since it can be activated by 5'-triphosphate ssRNA as short as 19 nt (6).
Fluorescence polarization-detected binding assays
One reason why short ssRNAs do not activate PKR is that they might not bind appreciably. To test this possibility, we carried out fluorescence polarization-detected binding assays ( fig. S8) . Interaction between 5'-fluorescein-labeled ssRNA-47 and K296R, a catalytically inactive mutant of PKR, was strong with a K d of 0.14 µM. Next, the ability of unlabeled RNAs to compete for binding was tested. We found that strong activators were strong competitors, while non-activators did not compete effectively. For example, ppp-ssRNA-47 and -110 bound with K d s of 94 and 34 nM, respectively, while non-activating ppp-ssRNA-30 had a K d >500 nM. In addition, activating dsRNA-79 competed strongly (K d of 6 nM), while non-activating 20 bp dsRNA did not (K d > 500 nM). Interestingly, 20 bp dsRNA can bind to the dsRBD of PKR (1) suggesting that ssRNA activators may contact PKR at a site outside of the dsRBD. Also a 47 nt DNA, which does not activate PKR ( fig. S8A ), does not bind appreciably (fig. S8B) ; thus, recognition of ssRNA is sensitive to the nature of the ribose sugar, similar to dsRNA recognition (1).
The 5'-triphosphate, which is critical for activation, had a modest 2-fold contribution to ssRNA-47 binding ( fig. S8B and C) . Increasing the Mg 2+ concentration to 10 mM did not appreciably affect the ability of ssRNA-47 to compete for binding either (data not shown). There is precedent in other systems for activating elements not leading to tighter binding, such as in the EcoRV endonuclease wherein favorable binding interactions with the cognate site are offset by concomitant activating distortions of the DNA (23) .
Effect of 5'-triphosphate RNAs on eIF2α phosphorylation by PKR
PKR activated by 5'-triphosphate ssRNA is a potent activator of eIF2α ( fig. S11, S12 ). Optimal RNA concentrations for activating PKR led to similar extents of eIF2α phosphorylation, independent of RNA identity. A plot of phosphorylation activities for eIF2α and PKR has a slope of 7.7, indicating that there are ~8 eIF2α phosphorylations for each PKR phosphorylation ( fig. S12 ). Since PKR is autophosphorylated at 15 or more sites (12, 24, 25) , the turnover number for ssRNA-activated PKR is greater than 100. Thus, even a small amount of RNA with a 5'-triphosphate can have a potent effect on translation.
A log-log plot of the same data gives a slope of 1.0 ( fig. S12C ), consistent with a recent structure of the kinase domain of PKR complexed with eIF2α in which PKR forms a homodimer, with each protomer interacting with one eIF2α (26) . These data along with previous reports (15, 26) support a model in which ssRNA-activated or dsRNA-activated PKR sheds its RNA to exist as a dimer, with each protomer binding and phosphorylating one eIF2α.
C.) Supporting Figures:
S1. Efficiency of RNA dephosphorylation. In order to label the 5'-triphosphate, the following RNAs were transcribed in the presence of [γ-32 P]GTP: ssRNA-47, ssdsRNA(9,11), ssRNA-79TS, and ssRNA-79-BS. These RNAs were then treated with CIP under the standard conditions described in Materials and Methods, which leads to dephosphorylation and release of radioactive inorganic phosphate, [ 32 P]-p i , and loaded on the gel. The percent cleavage of starting material is provided under the gel. Dephosphorylation was highly efficient. The oligonucleotide RNA impurities were removed by PAGE purification prior to activation experiments.
S2.
Activation of PKR as a function of ss-dsRNA(9,11) concentration and treatment (10% SDS-PAGE). In the first two sets of lanes, ss-dsRNA(9,11) was prepared as described in Figure 1C . In the third set of lanes, ss-dsRNA(9,11) was chemically synthesized to leave a 5'-hydroxyl. Concentrations of RNA were 0.1, 0.5, 1, 2, and 3 µM, except the 0.1 µM point was omitted in the third set of lanes. Phosphorylation activities for PKR were normalized to maximally active transcribed and untreated ss-dsRNA(9,11). The 5'-triphosphate dependence of activation (see text) was calculated using the no RNA lane (-) and the two transcribed ss-dsRNA sets of lanes because these were all run on the same gel. Lanes are as follows: C1 is a control (no nuclease) that was not renatured or incubated at 37 ºC; C2 is a control that was renatured at 90 ºC and incubated at 37 ºC for 15 minutes, consistent with nuclease treatment conditions; HO -is a limited alkaline digest; A and V1 are limited digests under native conditions with RNases A and V1, respectively. "Denaturing" denotes treatment under denaturing conditions, while "Native" denotes treatment under nondenaturing conditions. Nucleotides located in structured regions are indicated to the right of the V1 lane. (B, C) Secondary structural models derived from structure mapping experiments in panel A. Positions of cleavage by single-stranded (RNase A) and double-strandedspecific (V1) probes are indicated as per the symbols provided in the figure. (B) The most stable structure of this RNA has a predicted ∆Gº of +3.4 kcal/mol (27, 28) , and so no base pairs are shown. Cleavages in the control lanes are consistent with known sites of reactivity in single-stranded RNA (21, 22) , while cleavages by RNase V1 are likely due to stacking of purines, which can lead to moderate RNase V1 activity (19, 20) . (C) Cleavages by RNase V1 are consistent with the stem-loop insert at position 38 and were assigned as previously described (20) . S10. 5'-triphosphate dependence of PKR activation by ssRNAs having various stemloop inserts. Activation by the following 5'-triphosphorylated and CIP-treated RNAs were analyzed: ssRNA-76, ssRNA-76-I5, ssRNA-76-I13, ssRNA-76-I21, ssRNA-76-I31, ssRNA-76-I38, ssRNA-76-I46 and ssRNA-76-I57, where 'I' represents 'stem-loop insert' and number after 'I' represents the nucleotide position after which the stem-loop was inserted in ssRNA-76. The following 5 bp stem-loop was inserted into the RNA: 5'-UGGACGAAAGUCCA (stem is bold). Concentrations of RNAs used were 1.25 µM. Phosphorylation activities for PKR are normalized to 0.1 µM dsRNA-79 (no CIP). S11. Activation of PKR by 5'-triphosphate RNAs leads to activation of eIF2α. PKR alone (left-hand set of lanes) or PKR plus eIF2α (right-hand set of lanes) were incubated with [γ-
32 P]ATP in the presence of various RNAs. Phosphorylation of PKR alone, or both PKR and eIF2α were assayed. The positions of phosphorylated PKR and eIF2α are noted. Concentrations of RNAs were near maximal values for PKR activation for that RNA and are provided in the figure. Phosphorylation activities for PKR in both sets of lanes were normalized relative to the dsRNA-79 lane in the absence of eIF2α, while phosphorylation activities for eIF2α were normalized relative to eIF2α band in the dsRNA-79 lane in the presence of eIF2α. S12. Activation of eIF2α correlates with activation of PKR. (A) RNA concentration dependence of PKR and eIF2α phosphorylation. ssRNAs described in Figure S7 , were tested for their ability to activate PKR and eIF2α as described in Figure S11 . Concentrations of RNAs were 0.16, 0.63, 2.5 and 5 µM. Phosphorylation activities of PKR and eIF2α were normalized relative to the to eIF2α band in the dsRNA-79 lane in the presence of eIF2α; this normalization, which is different from that in Figure S11 , was done so as to visualize the molecularity with respect to PKR, and to highlight the ability of small amounts of phosphorylated PKR to lead to high levels of eIF2α phosphorylation. (B) Plot of normalized eIF2α phosphorylation versus normalized PKR phosphorylation, where the data were normalized as described in panel A. The plot has an R 2 value of 0.95 and a slope of 7.7, suggesting that there are on average ~8 eIF2α phosphorylation events for every PKR phosphorylation, or that ~100 eIF2α molecules are phosphorylated by each PKR molecule, as per Supporting text. (C) Plot of the logarithm of normalized eIF2α phosphorylation versus the logarithm of normalized PKR phosphorylation. The plot has an R 2 value of 0.92 and a slope of 0.998, suggesting that the molecularity of the reaction with respect to PKR is unity. S13. Kinetics of PKR phosphorylation by various RNAs. 0.6 µM PKR was incubated with 0.1 µM dsRNA-79 (no CIP) (▲), 3 µM ppp-ssRNA-47 (♦), 3 µM synthetic HOssRNA-47 (◊), 1µM ppp-ss-dsRNA (9,11) (•) and 1µM synthetic HO-ss-dsRNA (9,11) (○) in the presence of activation buffer. Aliquots were withdrawn as a function of time and quenched with SDS-loading buffer. Phosphorylated PKR samples were analyzed on 10% SDS-PAGE gels and quantified on a PhosphorImager (Molecular Dynamics). Activating RNAs displayed similar time courses, with an initial lag, and an approach to a plateau at 10 min.
